Abstract-A new exact explicit expression is derived for the ergodic capacity of maximal ratio combining (MRC) schemes over arbitrarily correlated Rician fading channels. This is used to study the effects of channel correlation on the ergodic capacity. Numerical results reveal that both the phase and the magnitude of correlation have an impact on the ergodic capacity of Rician fading channels. This is in contrast to correlated Rayleigh fading, where the phase of the correlation has no effect on the ergodic capacity. It is also observed that negatively correlated branches in Rician fading may lead to an increase in ergodic capacity beyond that obtained by uncorrelated branches.
error rates for a wide variety of digital signaling schemes on fading channels, including multichannel reception with correlated diversity (e.g. [14] - [16] ). Key to these developments was the transformations of the conditional error rate expressions into different equivalent forms in which the conditional variable appears only as an exponent. For instance, the following identity has been widely employed to simplify the error rate analysis of coherent communication systems in fading
In this letter, we show that it is possible to express the conditional capacity log (1 + SNR) in a form similar to (1) , in which SNR appears only as an exponent. This facilitates using the moment generating functions and leads to a new simple expression for the ergodic capacity in arbitrarily correlated Rician fading channels.
This letter is organized as follows. The problem is stated in Section II, and the proposed new solution is given in Section III. Some numerical examples are given in Section IV, and Section V concludes this letter.
II. THE PROBLEM
The purpose of this letter is to derive a simple expression for computing the following average, which represents the ergodic (average) capacity of the MRC diversity system
where E [.] is the expectation operator, g is a M × 1 complex random vector that represents the normalized complex channel gains, and the superscript † denotes Hermitian transposition.
Here, the instantaneous signal-to-noise ratio (SNR) at the
In Rician fading channels, g is a complex Gaussian vector having a probability density function (pdf) given by
where μ = E [g] is the mean vector and
is the covariance matrix. The Rician factor for the mth channel is equal to κ m = |μm| 2 Λm,m . Direct evaluation of the average in (2), simple closed-form expressions for the pdf of the Gaussian quadratic forms are known only in some special cases. Otherwise, the cumulative probability distribution function of arbitrary Gaussian quadratic forms are expressed as infinite series with coefficients being determined recursively in terms of the eigenvalues of the covariance matrix (e.g., [1] , [9] , [11] , [18] ). On the other hand, closed-form expressions for the MGFs (or Laplace transforms) of Gaussian quadratic forms are readily known for arbitrarily complex Gaussian vectors (e.g. [17] , [18] )
This has been successfully employed in [14] and [15] to obtain simple expressions for bit and symbol error rates of different digital communication systems. However, in order to utilize (5) for computing the ergodic capacity, it is required, firstly, to represent the conditional capacity expression log 2 1 + g † g in a different equivalent form in which the quadratic random variable g † g would appear only as an exponent. In next section, we show that this is possible.
III. THE ERGODIC CAPACITY EVALUATION
In order to employ the available closed-form expression for the MGF of the Gaussian quadratic forms (5) for evaluating the ergodic capacity in correlated Rician fading, we need firstly the following lemma.
Lemma 1: For any x > 0
Proof: The proof is given in the Appendix. Now, with (6), the conditional capacity expression log 2 1 + g † g can be expressed in the following desirable form
in which the quadratic form g † g appears only at the exponent. Therefore, from (7) and (5), the ergodic capacity (2) can be evaluated as follows
which involves only one single-integral over the non-negative real line R + . As far the evaluation of the integral in (8) 
related to the tail probability as follows
Now, owing to the fact that 0 ≤ Pr g † g > x ≤ 1, it can be shown by applying the Steffensen's inequality for integrals [19, Equ. 12.316] 
where we have used the fact that, for any non-negative random variable X,
. (9) proves that the integrand in (8) is bounded. Furthermore, it can be seen that it is also continuous and possess all derivatives ∀z ∈ R + . Therefore, standard numerical integration packages can be used straightforwardly to compute (8) To summarize, (8) gives the ergodic capacity of MRC over correlated Rician fading directly in terms of the covariance matrix Λ and the mean vector μ. It should be emphasized at this point that though (8) involves a single numerical integration, however it offers a huge reduction in the required computational complexity when compared to the direct method (4) which requires M -fold integrals. On the other hand, when comparing the computational complexity of the new expression (8) with other known methods, it is to be noticed that the ergodic capacity (8) is given directly in terms of the original covariance matrix Λ, without the need of any eigendecomposition operations. This is in contrast to most previous research on the capacity of MRC over correlated fading channels (e.g. [5] , [6] , [9] - [11] ) which require all distinct eigenvalues of the covariance matrix with their multiplicities. It is also worth mentioning that although an expression for the pdf of the combined SNR can be obtained by the Laplace inversion of M (z), however this would take the form of an infinite series (Laguerre-series) and involves (in addition to the eigendecomposition of the covariance matrix) solving a large set of linear equations recursively (e.g., [9] , [11] , [18] ).
IV. NUMERICAL EXAMPLES
This section gives some numerical examples that demonstrate the effects of correlation on the ergodic capacity. In Fig. 1 , we consider a constant correlation model in Rayleigh fading (κ = 0) with ρ ij =SNRρ ∀i = j, and ρ ii =SNR, i = 1, 2, .., M, where SNR is the average signal-to-noise ratio (SNR) per branch. Here, we plot the ergodic capacity against SNR for M = 2 and 10 branches in cases of uncorrelated, and negatively and positively correlated branches. Fig. 1 shows that correlation (positively or negatively) decreases the ergodic capacity of MRC in Rayleigh fading. However, the loss in ergodic capacity does not exceed 7% when M = 10. (from 11.554 bps/Hz into 10.798 pbs/Hz at SNR= 25 dB). We also note from Fig. 1 , that negative and positive correlations result in identical capacities in case of Rayleigh fading. with SNR= 10 dB.
In Fig. 2 , we let the Rice factor κ = 1, and plot the ergodic capacity against the correlation's magnitude |ρ| for several correlation's phase arg ρ = 0,
4 , π. We observe that, in contrast to Rayleigh fading, the ergodic capacity depends on the correlation's phase. Furthermore, depending on the size of the correlation's phase, the ergodic capacity can be increased with increasing the magnitude of the correlation. Specifically, as can be seen from Fig. 2 , the ergodic capacity increases with increasing |ρ| when arg ρ > π/2.
In Fig. 3 , we plot the ergodic capacity against arg ρ when |ρ| = 1 and κ = 0, 0.2, 0.5, 1,5. We observe that when κ = 0, then the phase arg ρ has no affect on the capacity. However, when κ > 0, then the ergodic capacity is maximized when arg ρ = π (i.e., negative correlation). In Fig. 4 , we plot the ergodic capacity against κ for different correlations. One can make the following observations from Figs. 2-4: 1) For a given correlation, increasing the Rice factor κ leads to an increase in the ergodic capacity. 2) For any value of Rice factor κ, the capacity with positively correlated branches does not exceed that with negatively correlated branches. 3) Negatively correlated branches perform better than uncorrelated branches when κ > 0.4. On the other hand, increasing the magnitude of correlation when κ < 0.2 causes to decrease the ergodic capacity.
V. SUMMARY A new simple expression is derived for computing the ergodic capacity of MRC with arbitrarily correlated Rician faded branches. This is used to determine the effect of correlated branches on the performance of MRC diversity. Numerical results indicate that the ergodic capacity of MRC in negatively correlated Rician fading channels can be improved beyond what would be achieved in uncorrelated channels. 
which reduces to (6) when we substitute s = zx.
